tion. The algal chromoproteins were subjected to the proteolytic action of cultures of actively growing marine bacteria, marine bacterial culture filtrates, trypsin, and various marine bacterial enzyme preparations. Digestion of the chromoproteins was followed through various incubation intervals by measuring the loss of chromophore color and the increase in either ninhydrin-positive material (570 mp) or 280-m,u light-absorbing material. There was good correlation between the loss of color and enzymatic hydrolysis of the proteins. This was particularly evident when a marine pseudomonad proteinase preparation was used as the proteolytic agent. In every digestion mixture, phycoerythrin was more resistant to degradation than was phycocyanin or allophycocyanin. Phycoerythrin was also more resistant to heat than was phycocyanin or allophycocyanin. regarding the number of naturally occurring algal chromoproteins. Phycoerythrin and phycocyanin in the present text are the R types referred to by others. See references by Fujiwara (1955) and o hEocha (1963) for examples of various algal chromoproteins.] Phycoerythrin is red, and dilute aqueous salt solutions of the native material fluoresce orange in the visible light range. Solutions of phycocyanin are purple and fluoresce red, and those of allophycocyanin are blue with red fluorescence. The color-producing prosthetic group of each of the bilichromoproteins is a tetrapyrrole derivative. To exhibit normal fluorescence, the tetrapyrrole group apparently must be attached to the native protein (Kylin, 1910) or complexed with zinc ions (6 hEocha, 1958 (6 hEocha, , 1963 Lemberg, 1930) . According to Kylin (1910) , one of the first signs of protein denaturation is a loss of fluorescence. Most procedures for obtaining the chromoproteins from Porphyra include as a preliminary step the incubation of the comminuted thalli in freshwater, salt solutions, or seawater (Kylin, 1910; 6 hEocha, 1958; Fujiwara, 1955; Haxo, (5 hEocha, and Norris, 1955) . Probably through the combined effects of autolysis and bacterial digestion the chromoproteins are freed from their intracellular complexes (Fujiwara, 1961) , and are released into the medium where further degradation occurs. We observed differences in the resistance of the free chromoproteins to bacterial and enzymatic digestion, and these observations are the basis of this communication.
MATERIALS AND METHODS Alga. Most of the Porphyra used in these studies was obtained during the winter and early spring periods from the intertidal zone in the vicinity of Charleston, S.C. (A small munication) was made while Dr. Williams was on the staff of Furman University. His present address is the National Water Quality Network, U.S. Public Health Service, Cincinnati, Ohio.] Chromoproteins were extracted from the freshly collected algal fronds, or the algae were immediately frozen or dried after collection, and were stored under these conditions until needed. The most successful method of collecting and preserving the algal fronds for long storage periods was found to be the following: (i) collecting the algal fronds at low tide when they had been partially dried, (ii) further air-drying in the shade for 6 to 8 hr, followed by (iii) oven-drying of thinly spread fronds at 75 to 78 C (for 12 to 24 hr, (iv) grinding of the dry fronds in a Waring Blendor, and (v) storing in a vacuum desiccator over calcium chloride at 0 to -10 C.
Chromoprotein isolations and separations. Algal fronds, dried, freshly picked, or frozen, were suspended in enough unsterile seawater or 1% sodium chloride solution to immerse the plant material. The fronds were then chopped in a Waring Blendor for 2 to 3 min, transferred to 500-ml Erlenmeyer flasks, and incubated at 25 C in the dark. At 24-hr intervals, the supernatant fluids were decanted, and the remaining sediments were resuspended in seawater or saline solution and reincubated. The process of incubation was continued usually for 72 hr at 25 C and an additional 96 hr at 4 C. Bacterial activity was quite evident at the end of the incubation period. The supernatant fluid from each 24-hr digestion period was centrifuged at about 17,000 X g to remove the particulate matter, and the soluble chromoproteins were precipitated in the cold with ammonium sulfate (30%, w/v; Baker, purified). The precipitated proteins were stored in the ammonium sulfate solutions at 4 C until all of the supernatant fluids were precipitated. The protein precipitates were redissolved in a 1 % aqueous NaCl solution and were dialyzed for 48 hr against large amounts of distilled water or 1% NaCl.
The dialyzed chromoproteins were then separated on calcium phosphate gel columns, prepared according to the directions of Swingle and Tiselius (1951) , and by ammonium sulfate fractionation. Elution of the proteins from the gel columns was accomplished with increasing amounts of 0.067 M phosphate buffer (pH 7.4) added to 1% NaCl.
Fractions containing the major amounts of each of the chromoproteins were precipitated with ammonium sulfate (30%, w/v), redissolved in 1 % NaCl, and dialyzed against distilled water or 1% NaCl. The chromatographic process was repeated until a single component was obtained from each of the major fractions. The purity of the isolated chromoproteins was monitored by spectral measurements (Beckman DU spectrophotometer).
Proteolytic attack of chromoproteins. Milliporefiltered solutions of the individual chromoproteins and of mixtures of the three chromoproteins were subjected to proteolytic digestion by growing suspensions of mixed marine bacteria, by Millipore filtrates of the media in which the marine bacteria had grown, and by bacteria-free enzyme preparations which were obtained from filtrates of Aeromonas proteolytica (nov.sp.) (Merkel et al., 1964; Prescott and Willms, 1960) by ammonium sulfate (40 to 50% saturated) precipitation. [It was recently shown (Prescott and Willms, 1960) that the principal proteinase is actually a mixture of at least two enzymes.] This was accomplished by adding the chromoproteins to sterile seawater which, in some experiments, was enriched with peptones; inoculating the protein solutions with the sterile, crude source of enzyme or heavy 18-to 24-hr bacterial suspension; and incubating at 25 C in the dark. The loss of chromophore color during incubation was followed visually and recorded quantitatively with a Beckman DU spectrophotometer by reading the absorbance at a maximum for the chromophore of each protein.
Boiled preparations were always added to control tubes to distinguish between proteolytic activity and physical and chemical losses.
Pure chromoproteins were used to determine the relationship between the loss of chromophore color and protein hydrolyzed. In a typical experiment, 6 ml of each of the sterile chromoprotein solutions dissolved in 0.067 M phosphate buffer at pH 7.4 were inoculated with 0.2 ml of sterile trypsin (twice-crystallized preparation; Nutritional Biochemicals Corp., Cleveland, Ohio; 10 mg/ml in pH 7.4 buffer). Controls were inoculated with the same trypsin preparation after boiling it for 30 min. The optical densities of the mixtures were read at the specific absorption maxima immediately after adding the enzyme solution and after 8 hr of incubation. The reaction was stopped by adding 1 ml of 10% trichloroacetic acid to 2.5 ml of the enzymae-protein mixtures.
The mixtures were boiled for 30 min, the precipi- tated proteins were removed by centrifugation, and the optical density at 280 mu was recorded for each solution. Alternatively, 0.1-, 0.2-, and 0.5-nd portions of the protein-free solutions were neutralized with 0.1 N NaOH, and the amino acids liberated by the hydrolysis were determined by the ninhydrin method as described by Moore and Stein (1948) .
Heat stability. Differences in the stabilities of phycoerythrin and phycocyanin to heat were determined by incubating at 25, 46, 54, and 59 C approximately equivalent quantities of each of the proteins dissolved in 1% NaCl, and by recording the absorbance changes at a maximum for each protein over a given period of time. Phycocyanin changes were recorded at 620 m,u and phycoerythrin changes were recorded at 565 m,u. Since phycocyanin was readily denatured at 46C, measurements on this protein were not made at higher temperatures. Allophycocyanin changes were not followed quantitatively because of the scarcity of pure material, but the preliminary visual observations of allophycocyanin solutions indicated a sensitivity to heat which was slightly less than that of phycocyanin.
REsuLTs
Isolation of algal chromoprotins. Three major chromoprotein components were isolated from P. leucosticta: (i) phycoerythrin, whose visible spectrum had maxima at 497 and 565 m, in seawater, 1% NaCl, or 0.067 M phosphate buffer at pH 7.4; (ii) phycocyanin, with absorption maxima at 553 and 625 m,u; and allophycocyanin, with an absorption maximum at 654 m,u. Haxo et al. (1955) reported the following absorption maxima for the chromoproteins extracted from P. perforata and suspended in phosphate buffer at pH 6 to 7: phycoerythrin, 497 and 562 m,u; phycocyanin, 552 and 615 m,u; and allophycocyanin, 650 m,u. Fujiwara (1955) listed the absorption maxima reported for a number of species of Porphyra; our values for P. leucosticta do not differ appreciably from these. However, it should be noted that Fujiwara did not include P. leostticta in her list.
Repeated chromatography on calcium phosphate gel columns was required for the complete separation of the chromoproteins. Only those fractions which moved as a single-colored band on the colums and had the characteristic absorption spectrum were considered pure.
Dialyzed samples of each of our purest chromoproteins were hydrolyzed in sealed tubes with either 6 N HC1 at 125 C for 24 hr or 0.5 N H2SO4
at 100 C for 8 hr. The hydrolysates were examined for carbohydrate components and reducing sugars by use of the Molisch reagent (Dische, 1955) and basic triphenyltetrazolium chloride. The purified algal proteins always gave negative results on the carbohydrate and reducing sugar tests. Impure chromoprotein mixtures in the early stages of isolation occasionally gave a positive Molisch reaction, but the amounts were not large enough nor the results consistent enough to conclude, as Fujiwara (1955, 1961) did, that any of our chromoproteins were firmly complexed with a carbohydrate.
Enzymatic digestion of algal chromoprotins. Figure 1 shows typical results obtained when a mixture of the purified bilichromoproteins was inoculated with a heavy suspension of mixed marine bacteria and incubated aerobically at 25 C. The upper curve was obtained with a sample taken aseptically from a flask before inoculation, and it represents the combined absorption spectra of the three chromoproteins of P. leuco8ticta. The lower curve was obtained by taking a sample from the same flask after 24 hr of incubation, centrifuging to remove the bacteria, and reading the spectrum. Degradation of phycocyanin and allophycocyanin in the mixture was relatively rapid, as indicated by the decrease in absorption at 555, 620, and 655 mu. The loss at 655 and 620 appears to be greater than at 555 m,u, but it should be remembered that the 555-mg * A 0.2-ml portion of 2X crystallized trypsin (10 mg per 6 ml in 0.067 M phosphate buffer at pH 7.4) was added to 6 ml of chromoprotein solution (1 to 2 mg/ml); chromoprotein and enzyme solutions were sterilized by Millipore (membrane) filtration; the reaction was stopped with 1 ml of 10% trichloroacetic acid added to 3 ml of the enzyme-protein mixture.
peak represents the combined absorption of phycoerythrin and phycocyanin. After 44 hr of incubation, the spectrum of this medium was almost that of pure phycoerythrin. A slight change in the phycoerythrin spectrum always occurred, i.e., a slight decrease in absorption over the entire range and the appearance of a peak at 535 m, to replace the shoulder normally found there. However, it was noted that a comparable change also occurred in the spectrum of phycoerythrin taken from uninoculated controls.
The difference in susceptibility to proteolytic attack of the three chromoproteins of Porphyra led us to test this difference with bacteria-free filtrates of mixed marine cultures, and of trypsin solutions and crude bacterial enzyme preparations. Although the rates of degradation differed qualitatively, the results were similar to those obtained with growing cultures. t Measured as an increase in 570-m, absorption after treatment with ninhydrin (see Materials and Methods) . The amino acids liberated by enzyme action ate compared with total acid hydrolysis (concentrated HCl at 105 C for 24 hr in a sealed tube). the optical density at 570 mu. The rate of increase of ninhydrin-positive material in the digestion flasks containing the individual chromoproteins and the percentage of hydrolysis which occurred in the intervals of time are shown in Table 3 . Conditions of hydrolysis for each of the proteins were identical. The resistance of phycoerythrin to proteolytic digestion is evident.
Resistance of phycoerythrin to heat denaturation.
We observed visually during the course of many of the above experiments that the colors of phycocyanin and allophycocyanin are lost much more readily than is the color of phycoerythrin when these chromoproteins are exposed to increased temperatures and to visible light. Table  4 lists the results obtained when buffered solutions of phycoerythrin and phycocyanin were exposed to increased temperatures for specific periods of time.
DISCUSSION
The usual methods for extracting the bilichromoproteins from red algae involve a step which depends to some extent on microbial and algal enzyme activities to release the proteins into aqueous media. Some of these enzymes are also responsible for the proteolytic digestion of the released proteins. When proteolytic attack of a mixture of the three algal chromoproteins from a species of Porphyra occurs, a difference in the stability of the light absorption patterns which are characteristic for each chromoprotein can be observed. In all instances, phycoerythrin proves to be more stable to proteolysis than are phycocyanin and allophycocyanin. This difference in stability is also evident when the algal chromoproteins are subjected to higher temperatures and to visible and ultraviolet radiation. Fujiwara (1961) found no evidence for carbohydrates in our pure chromoprotein preparations. Because of the reported similarities of the molecular weights, amino acid composition, and terminal amino acids (Fujiwara, 1956; Kimmel and Smith, 1958) , the differences in the stability of the proteins must reside in some differences in the structures (primary, secondary, or tertiary) of the proteins. 6 hEocha (1958) speculated on the possible differences in the globulin structures to account for the different phycoerythrins having similar chromophore groups.
With the apparent exception of phycocyanin, there is good correlation between the loss of color and hydrolysis of the protein during proteolytic digestion. If this were not the case, one might assume that the rapid loss of color which we observed was simply degradation or alteration of the chromophore groups. There was degradation of the tetrapyrrole structures, as evidenced by the complete loss of color in phycocyanin and allophycocyanin solutions which were incubated with either growing bacteria or sterilized bacterial proteinases. Even the color of phycoerythrin is lost after lengthy incubations with A. proteolytica proteinases. The difference between the rate and amount of color loss and amino acid production during digestion of phycocyanin can be attributed to the instability of phycocyanin at the incubation temperatures and relatively dilute protein concentrations used in the above experiment. We noted that, after a brief incubation period, phycocyanin was precipitating out of solution. The precipitated protein no longer contributed to the color of the solution, but the proteolytic digestion and, hence, amino acid liberation continued.
A slight alteration also occurs in the spectrum of phycoerythrin when sterile solutions are incubated at room temperature. This change manifests itself as a slight decrease in the overall absorption and the appearance of a peak at 535 m,u to replace the shoulder located at this point in the spectrum of the freshly prepared phycoerythrin solutions. Two-peaked phycoerythrin from Phormidium species was reported by 6 hEocha and Haxo (1960) as an artifact arising during prolonged extraction procedures.
In most of our experiments with bacterial enzymes, the only color remaining at the end of the incubation period was that of phycoerythrin.
Thinking that the color could be either free phycoerythrobilin (Kitasato, 1925; Lemberg, 1930) or the tetrapyrrole attached to a short peptide (Fujiwara, 1957) , we washed portions of the phycoerythrin digestion mixtures with amyl alcohol, but no pigment was extracted. Fingerprinting of the amino acids and peptides released by the enzyme action gave results similar to prolonged acid digestion; i.e., no chromopeptide was found. It is still possible that very short incubation periods with the bacterial enzymes will show that the chromophore group is attacked or detached before the remainder of the complex is hydrolyzed. Fujiwara (1957) obtained chromopeptides after 2-hr digestion of phycoerythrin with pepsin. We have also been able to isolate chromopeptides from our trypsin digestion mixtures which have been incubated less than 8 hr, and, since our bacterial enzyme preparations are considerably more active than the animal enzymes, we may find chromopeptides at very early stages of digestion.
The chromoproteins of the red and blue-green algae are generally considered to function as accessory pigments in photosynthesis. Haxo and Blinks (1950) demonstrated an excellent correlation between the absorption spectrum of phycoerythrin and the photosynthetic action spectrum of a number of red algae. The possibility also exists that phycoerythrin has functions other than photosynthetic (Boney and Corner, 1960) . Our findings concerning the relative stability of phycoerythrin suggest that this pigment either aids in survival or is the one chromoprotein capable of surviving adverse conditions. P. perforata is reported by Haxo and Blinks to contain excessive amounts of phycoerythrin in the carposporic areas a few days before the release of reproductive cells.
